Phosphorus (P) loss from agricultural land in surface runoff can contribute to eutrophication of surface water. Th is study was conducted to evaluate a range of environmental and agronomic soil P tests as indicators of potential soil surface runoff dissolved reactive P (DRP) losses from Ontario soils. Th e soil samples (0-to 20-cm depth) were collected from six soil series in Ontario, with 10 sites each to provide a wide range of soil test P (STP) values. Rainfall simulation studies were conducted following the USEPA National P Research Project protocol. Th e average DRP concentration (DRP 30 ) in runoff water collected over 30 min after the start of runoff increased (p < 0.001) in either a linear or curvilinear manner with increases in levels of various STPs and estimates of degree of soil P saturation (DPS). Among the 16 measurements of STPs and DPSs assessed, DPS M3 -2 (Mehlich-3 P/[Mehlich-3 Al + Fe]) (r 2 = 0.90), DPS M3 -3 (Mehlich-3 P/Mehlich-3 Al) (r 2 = 0.89), and water-extractable P (WEP) (r 2 = 0.89) had the strongest overall relationship with runoff DRP 30 across all six soil series. Th e DPS M3 -2 and DPS M3 -3 were equally accurate in predicting runoff DRP 30 loss. However, DPS M3 -3 was preferred as its prediction of DRP 30 was soil pH insensitive and simpler in analytical procedure, if a DPS approach is adopted.
Phosphorus (P) loss from agricultural land in surface runoff can contribute to eutrophication of surface water. Th is study was conducted to evaluate a range of environmental and agronomic soil P tests as indicators of potential soil surface runoff dissolved reactive P (DRP) losses from Ontario soils. Th e soil samples (0-to 20-cm depth) were collected from six soil series in Ontario, with 10 sites each to provide a wide range of soil test P (STP) values. Rainfall simulation studies were conducted following the USEPA National P Research Project protocol. Th e average DRP concentration (DRP 30 ) in runoff water collected over 30 min after the start of runoff increased (p < 0.001) in either a linear or curvilinear manner with increases in levels of various STPs and estimates of degree of soil P saturation (DPS). Among the 16 measurements of STPs and DPSs assessed, DPS M3 -2 (Mehlich-3 P/[Mehlich-3 Al + Fe]) (r 2 = 0.90), DPS M3 -3 (Mehlich-3 P/Mehlich-3 Al) (r 2 = 0.89), and water-extractable P (WEP) (r 2 = 0.89) had the strongest overall relationship with runoff DRP 30 across all six soil series. Th e DPS M3 -2 and DPS M3 -3 were equally accurate in predicting runoff DRP 30 loss. However, DPS M3 -3 was preferred as its prediction of DRP 30 was soil pH insensitive and simpler in analytical procedure, if a DPS approach is adopted.
Estimating Dissolved Reactive Phosphorus Concentration in Surface Runoff Water from Major Ontario Soils C ontinued addition of fertilizer and manure in excess of crop requirements has resulted in increases in phosphorus (P) content of surface soils, contributing to accelerated P losses and eutrophication of surface water (Torbert et al., 2002; Sharpley et al., 1996; Sims et al., 2000) . Th is concern has become more severe with the increasing intensifi cation of animal production in Ontario (OMAFRA, 2000; Bast et al., 2009) . It was reported that about 75% of agricultural soils in Ontario contain high or excessive levels of soil test P (STP) (PPI/PPIC/FAR, 2001) . In response to impaired water resources, the province of Ontario passed the Nutrient Management Act (O.Reg. 267/03) in 2002, which included a P index to assess the risk of soil P loss to surface waters from manures and biosolids. Th e P index, however, was removed as a required management tool from this regulation due to insuffi cient Ontario-based scientifi c evidence and fi eld validation supporting the use of the P index to reduce P losses through recommended changes in management.
Surface runoff has often been considered to be the major pathway for soil P loss (Pote et al., 1999) , given that P compounds in soils are sparingly soluble and that P is strongly adsorbed to soil particles. As a key component of the P index, an appropriate environmental soil P test indicating the potential of runoff P loss from agricultural soils will have to be developed for Ontario soils.
Th e soil P tests that were initially developed for agronomic purposes (e.g., Mehlich-3 P, Olsen P, and Bray-1 P), environmental purposes (e.g., water-extractable P [WEP] and ironoxide-coated fi lter paper strip-extractable P [FeO-P] ), and various estimations of soil P saturation have been used to estimate runoff dissolved reactive P (DRP), a form of P that is immediately available for uptake by the aquatic biota (Breeuwsma and Silva, 1992; Sharpley, 1993; Sims et al., 2000; McDowell and Sharpley, 2001 ). Th ese soil P measures have often been found to be related to runoff DRP concentration in either a linear or quadratic manner. In some cases, this relationship followed a split-line function consisting of two segmented linear relationships, with signifi cantly higher slope above the change point than below it (Wortmann and Walters, 2006; McDowell and Sharpley, 2001; Allen et al., 2006) . For example, observed a change point value of 0.14 for DPS M3 -2 [Mehlich-3 P/(Mehlich-3 Al + Fe)] in Delaware, above which DRP concentrations in surface runoff increased at a rate that is approximately 180-fold higher than the rate below this point.
When a soil test is used to determine the potential of runoff P losses from agricultural soils for a given region, it is expected that the agronomic soil P tests appropriate for the soil conditions in this region would work well for this environmental purpose . For example, Mehlich-3 P is widely used in the Mid-Atlantic United States as an agronomic soil P test and it also has been extensively evaluated, and found to be accurate, as an environmental indicator of soil P loss . Th is expectation, however, is not always satisfi ed. An agronomic soil P test, which was initially designed to measure the amounts of P that would be released during the growing season, may not necessarily be correlated to soil P losses in surface runoff during a rainfall event that may last for a relatively short time period (Allen et al., 2006; Torbert et al., 2002) . Agronomic extractants of soil P may vary in their accuracy as environmental indicators of P loss as well. For example, Bray-1 P, the primary soil P extractant used for fertilizer P recommendations in the Minnesota River basin, was observed to be less accurate for predicting runoff DRP loss than Mehlich-3 P and Olsen P (Fang et al., 2002) . Th is diff erence refl ects the need to assess the suitability and accuracy of current routine soil P testing approaches before they can be used as an environmental tool to protect water quality. Th e Olsen soil P test has been recommended and widely used as an agronomic soil P test in Ontario. However, its suitability as an environmental soil P test for Ontario soils is not known.
Numerous studies have shown that the relationships between DRP concentrations in surface runoff and soil STP or DPS are soil specifi c and dependent on soil and site characteristics (Davis et al., 2005; Schroeder et al., 2004; Cox and Hendricks, 2000; Sharpley, 1995) . It is impractical to set an environmental soil P test for each soil series found in a particular region. Th erefore, there have been considerable eff orts to fi nd a soil P test applicable to a wide range of soils in a given region by including other soil properties and/or site hydrological characteristics into soil P test approaches (Sharpley, 1995; Penn et al., 2006; Torbert et al., 2002; Pote et al., 1999; Schroeder et al., 2004) . Among WEP, Mehlich-1 P, Mehlich-3 P, FeO-P, and DPS M3 -2 measures of soil P, WEP provided the most consistent predictions of DRP concentrations in surface runoff from nine Virginia soils, particularly when it was modifi ed by inclusion of soil clay content (Penn et al., 2006) . Pote et al. (1999) found that normalized DRP concentrations (dividing runoff DRP concentration by the runoff volume) were related to soil WEP in the same linear relationship across three Ultisols. Soil pH infl uences soil P chemistry, including the relative concentrations of various soil P compounds, soil P solubility, and soil P sorption capacity, suggesting an important role that soil pH can play in infl uencing the relationship between runoff DRP and soil P measures. Turner et al. (2004) indicated that soil pH partially accounts for diff erences in DRP concentrations in runoff from soils with similar extractable P concentrations. Torbert et al. (2002) advocated that grouping soils by chemical characteristics (e.g., calcareous vs. noncalcareous) allowed for the development of signifi cant predictive equations relating runoff DRP concentration to soil P levels. To improve the suitability and accuracy of a soil P test for estimating soil P loss in a given region, research is required to determine the eff ects of soil properties, especially particle size distribution and pH, on the relationships between runoff DRP concentrations and soil STP or DPS.
Th is study was conducted to determine the relationship between DRP concentration in surface runoff and various soil tests for P (including the local agronomic STP, Olsen P) and DPS, for the predominant soil series found in the major livestock production areas of Ontario. We also examined the infl uence of soil pH and soil texture on the relationships between runoff DRP concentration and STP or DPS.
Materials and Methods

Soil Selection, Sampling, and Preparation
Six soil series, including the Brookston clay (mixed, mesic Typic Argiaquoll or Orthic Humic Gleysol), Perth clay loam (Aquic Hapludalfs or Gleyed Gray Brown Luvisol), Conestogo loam (Typic Eutrochrepts or Gleyed Gray Brown Luvisol), Grenville loam (Typic Eutrochrepts), Listowel silt loam (Typic Hapludalf ), and Fox sandy loam (Typic Hapludalf or Brunisolic Gray Brown Luvisol) soils, were selected as representative soils in the livestock production areas of Ontario. For each soil series, existing soil test data, which were collected from farmers, researchers, and extension professionals, were used to select sites covering a wide range of STP concentrations. A total of 10 sites were chosen for each soil series. A bulk soil sample of approximately 150 kg was collected from 0-to 20-cm depth for each site in the spring of 2007 before fertilizer, manure, and/or any other amendment application and planting. All soil samples were air-dried and passed through a 13-mm sieve after careful removal of crop residues and other nonsoil materials. After thorough mixing of each bulk soil sample, one subsample of about 2 kg was taken and ground to pass a 2-mm sieve for determination of general soil physical and chemical properties. Th e remaining soil sample was stored for the runoff study. Th e selected soil chemical and physical properties of the 60 bulk soil samples are listed in Table 1 .
Determination of Soil Physical and Chemical Properties
Soil pH was measured by an electrode after shaking 10 g of soil in 10 mL of distilled water (Th omas, 1996) . Soil organic C was determined by using a dry combustion method with a Leco CN2000 (Leco Corporation, St. Joseph, MI) analyzer (Nelson and Sommers, 1996) . Particle size distribution was determined by using a hydrometer method (Kroetsch and Wang, 2008) . Th e STP measures and related chemical properties determined were: (i) Olsen P (Sims, 2000d) ; (ii) FeO-P (Chardon, 2000) ; (iii) WEP (Self- Davis et al., 2000) ; (iv) Bray-1 P (Sims, 2000a) ; and (v) Mehlich-3 P, Al, Fe, and Ca (Sims, 2000b) .
A soil P sorption index (PSI) (Sims, 2000c ) was used as a simple estimation of soil P sorption capacity (Bache and Williams, 1971) . A 1.0-g dry soil sample was weighed into a 50-mL centrifuge tube and 20 mL of solution containing 75 mg P L −1 in distilled water was added. Th e suspension was shaken for 18 h at room temperature using an end-to-end shaker. Th e samples were then centrifuged and fi ltered through a 0.45-μm fi lter. Th e PSI was then calculated using Eq. [1]:
where X = P sorbed (mg P kg −1 ) (i.e., 75 mg P L −1 -C) × 0.020 L/0.001 kg); and C = P concentration at equilibrium (mg L −1 ). Th e various DPS values were calculated as follows:
DPS M3 -2 (%) = Mehlich-3 P/(Mehlich-3 Al + Fe) × 100, on a molar basis A saturation factor α, an empirical parameter used to relate total soil P sorption capacity to the sum of Mehlich-3 Al and Fe or other P sorption capacity evaluations, has been introduced in some studies to make diff erent estimated DPS values Table 1 . Selected properties of the 60 Ontario soils used in the rainfall simulation study. comparable (Ige et al., 2005; Sims et al., 2002) . However, we did not use a saturation factor α in the calculations of DPS M3 -2, DPS M3 -3, and DPS M3 -4 due to a lack of experimental evidence to quantify α for each of these extractions. All determinations for P were conducted using a fl ow injection auto-analyzer (QuikChem FIA + 8000 series, Lachat Instruments, Loveland, CO) with the ammonium molybdate ascorbic acid reduction method of Murphy and Riley (1962) . Concentrations of Fe, Al, and Ca were determined using an atomic adsorption spectrometer (PerkinElmer, Shelton, CT).
Soil series
Measure Sand Clay Silt Carbon pH M3-P † Olsen P WEP ‡ FeO-P § PSI ¶ -------g kg −1 ------- -------mg kg −1 ------- L kg −1
Surface Runoff Study
Th e surface runoff box studies were conducted following the USEPA National P Research Project protocol (National Phosphorus Research Project, 2001) . Although packed boxes are least representative of fi eld conditions in terms of hydrology, soil surface, and variability of soil physical and chemical characteristics, runoff box studies can give a reasonable estimation of DRP loss in surface runoff produced under fi eld conditions (Guidry et al., 2006; Kleinman et al., 2004) . Each runoff box was 100 cm long by 20 cm wide by 7.5 cm deep and had nine drainage holes (5-mm diam.). A nylon membrane was placed on the bottom of the box, followed by addition of 5 cm of 13-mm sieved soil. After the desired bulk density was achieved, soils were prewetted for 24 h from below by establishing a water table 3.5 cm above the bottom of the simulated soil box and allowing water to move into the soil through capillary rise. Th e bulk densities were 1.40, 1.30, 1.30, 1.25, 1.25, and 1.15 Mg m −3 for Fox sandy loam, Brookston clay, Conestogo loam, Listowel silt loam, Perth clay loam, and Grenville loam soils, respectively. Saturated soils were left to drain for 24 h (covered with plastic) until fi eld capacity was achieved. Th e box was then placed at a 5% slope below the rainfall simulator nozzle (TeeJet 1/2 HH SS 50 WSQ, Spraying Systems Co., Wheaton, IL). Surface runoff was collected at the downslope end of the runoff box. Simulated rainfall was applied at an intensity of 75 mm h −1 until runoff water was collected for 30 min. Runoff was collected in discrete 5-min increments and the runoff volume recorded. Th ere were four replications for each soil.
A 60-mL aliquot of each runoff sample was fi ltered through a 0.45-μm fi lter within 12 h of collection. Filtered samples were analyzed for dissolved reactive P (DRP) using a fl ow injection auto-analyzer (QuikChem FIA + 8000 series, Lachat Instruments, Loveland, CO) with the ammonium molybdate ascorbic acid reduction method of Murphy and Riley (1962) .
Data Analysis
Th e fl ow-weighted mean DRP concentration (DRP 30 ) of runoff water collected during the 30-min period was used to evaluate the relationships between runoff P concentrations and STP or DPS. Th e DRP 30 was calculated as follows:
where DRP j (j = 1, 2, 3, …, 6) represents the DRP concentrations of runoff water collected in 0 to 5-, 5 to 10-, 10 to 15-, 15 to 20-, 20 to 25-, and 25 to 30-min intervals, respectively; and V j (j = 1, 2, 3, …, 6) represents the volume of runoff water collected in 0 to 5-, 5 to 10-, 10 to 15-, 15 to 20-, 20 to 25-, and 25 to 30-min intervals, respectively. All statistical analyses were performed using the SAS program (SAS Institute, 2002) . Linear and quadratic regressions were performed using the REG and GLM procedures, respectively. Determination of the change point between runoff DRP 30 concentration and STPs or DPSs were performed using the NLIN procedure. Appropriate regression equations were selected based on the criteria of best fi t. Linear coeffi cients (slopes) of relationships between runoff DRP 30 and concentration of various STPs across soil series were compared using a series of contrast statements in the GLM procedure of SAS. Multiple regressions were run using the STEPWISE procedure to predict DRP 30 concentrations in surface runoff using STP, soil particle size distributions, and total organic carbon concentration as independent variables. Th e variance infl ation factor was used to detect multicollinearity among the variables before performing the multiple regression analysis. In the multiple equations presented, all variables contributed signifi cantly at the 0.01 probability level.
Results and Discussion
Soil Characteristics
Th e soils, selected to represent the major livestock production areas across Ontario, had a wide range of chemical and physical properties (Table 1) . Th e soils had sand contents ranging from 288 to 889 g kg −1 , silt contents ranging from 60 to 533 g kg −1 , and clay contents ranging from 45 to 382 g kg −1 . Th e organic carbon concentrations ranged from 10 to 66 g kg −1 . Th e concentrations of Olsen P ranged from 3.8 to 152.5 mg P kg −1 soil. Fertilizer P is not recommended for grain corn (Zea mays L.), when STP is >30 mg P kg −1 in Ontario (OMAFRA, 2009). Th is indicates that these soils represent a suitable range STP to determine an environmental soil P test method.
Th e soil pH ranged from 4.2 to 7.6, and most of the soils were in the neutral or slightly acid range, especially for the Brookston clay and Fox sandy loam. Only the Conestogo loam had an average pH >7.0.
Surface Runoff DRP 30 and Various Soil Test Phosphorus
Th e contents of DRP 30 in surface runoff ranged from 0.004 to 0.491 mg P L −1 , with an average of 0.08 mg L −1 . Th e wide range of DRP 30 values in surface runoff refl ects the large variation in concentrations of soil P. Th ese results are in agreement with Wortmann and Walters (2006) , who reported that STP accounted for 60 to 90% of the variation in dissolved P in runoff . Among the fi ve STP procedures evaluated, however, some methods were more closely related to DRP 30 in surface runoff water than the others.
Assessment of Soil Phosphorus Tests Initially Designated for Agronomic Purpose
Of the three agronomic soil P tests evaluated, including Mehlich-3, Olsen, and Bray-1, special consideration was given to the Olsen P in this study because it is the recommended agronomic soil P test as well as the STP used in the current P index for Ontario. Th ough Olsen P was signifi cantly related to runoff DRP 30 , the relationship (r 2 = 0.72) was not as strong as that for Mehlich-3 P and Bray-1 P for predicting runoff DRP 30 (Fig. 1) .
Th e Olsen P extractant (0.5 M NaHCO 3 , pH = 8.5) releases P mainly by enhancing the dissolution of Ca-P minerals present in soils. Correspondingly, this P measurement is best suited to indicate plant-available P status for calcareous soils (Sims, 2000d) . However, previous studies have shown inconsistent impacts of soil pH on the prediction of DRP loss by the Olsen P method. For example, Fang et al. (2002) and He et al. (2006) demonstrated that the Olsen P test would give more accurate predictions of runoff DRP concentration than other STPs for the soils typically with pH >7. In contrast, the observations of Schierer et al. (2006) showed less accuracy of Olsen P as a predictor of dissolved P concentration in surface runoff from calcareous soils with pH levels of 7.8 to 7.9 compared with Mehlich-3 P.
Bray-1 soil P extractant was designed to remove easily acid soluble P forms, largely Al-and Fe-phosphates, and it does not perform very well as an agronomic P test in calcareous soils (Sims, 2000a) . Our study, however, showed that Bray-1 P could be used to predict runoff DRP 30 concentration as evidenced by the higher r 2 value of 0.80, compared with the Olsen P (r 2 = 0.72). Other researchers have also observed similar results. For example, Ebeling et al. (2008) found that Bray-1 soil P test is an appropriate measurement for predicting crop P needs and for risk assessment of P loss in the eastern red soil region of Wisconsin, even though their soil pH values typically ranged from 7 to 8. Th ey attributed the accuracy of Bray-1 P in calcareous soils to the fact that the carbonate in this region is dolomitic, which reacts much more slowly than calcite, and that Bray-1 P extractant is not neutralized during the 5-min extraction time. Th eir study refl ects the importance of validating a routine soil P test for its accuracy as a predictor of DRP concentration in surface runoff from a given region because soil properties beyond soil pH alone may infl uence the relationship between DRP in surface runoff and soil P.
Assessment of Soil Phosphorus Tests Initially Designated for Environmental Purpose
Of the two existing environmental soil P tests evaluated, WEP was more accurate than FeO-P for predicting DRP 30 in surface runoff water and accounted for 89% of variation of DRP 30 in Ontario soils (Fig. 2) . Water-extractable P also had the strongest relationship with DRP 30 in runoff water among the fi ve STP methods assessed in this study. Our results agree with Pote et al. (1999) and Penn et al. (2006) , who reported that WEP had consistently stronger relationships with DRP concentrations in surface runoff than other measures of soil P. Th is is probably due to the fact that the extracting solution for WEP is more similar to the simulated rainfall water than other extracting solutions (Penn et al., 2006) .
Th e FeO-P was also signifi cantly related to DRP 30 in surface runoff water. Th e relationship between them was best fi tted to a split-line linear model, which explained 85% of the overall variation in DRP 30 (Fig. 2B) . A change point for soil FeO-P was observed at 45.3 mg P kg −1 , above which DRP 30 concentration increased at a rate that was about two times greater than the rate below the change point. Maguire and Sims (2002) reported a change point of 42.6 mg FeO-P kg −1 soil, which was similar to our study. However, in the study by Maguire and Sims (2002) , at FeO-P contents above the change point, the rate of increase in leachate DRP per unit increase in soil FeO-P was seven times greater than that found below the change point. In our study, runoff DRP 30 at the change point for the soil FeO-P test value of 45.3 mg P kg −1 soil was 0.11 mg P L −1 . Th e USEPA (1986) suggested an upper limit of 0.1 mg total P L −1 for protecting water quality of streams.
Soil Characteristics on the Relationships between Soil Test Phosphorus and Runoff DRP 30
Relationships between STP concentrations and runoff P loss are soil specifi c (Davis et al., 2005) . However, the overall relationship between runoff DRP concentration and STP for a wide range of soils is often used to estimate risk of soil P loss to surface water in a given region. Nevertheless, there have been abundant eff orts to diff erentiate soil properties that may infl uence relationships between STP and soil P loss (Penn et al., 2006; Davis et al., 2005; Pote et al., 1999) , since such information is essential to further improve the prediction of soil P loss. Within each soil series, we conducted the regression analysis relating runoff DRP 30 concentration to soil WEP, and found that this relationship was soil specifi c (Table 2 ). For the Grenville loam soil series, DRP 30 concentration in runoff water was not related to soil WEP, which may have resulted from a too narrow range of soil WEP (0.41-1.38 mg kg −1 soil). Within each of other fi ve soil series, DRP 30 concentration in surface runoff was signifi cantly (P < 0.001) related to soil WEP, with r 2 values ranging from 0.81 to 0.96. Th e regression slopes varied with soil type, following the order of Conestogo loam > Listowel silt loam ≈ Fox sandy loam > Brookston clay, while the Perth clay loam had a similar regression slope to those for the other four soil types. Our study also showed that the relationships between runoff DRP 30 and Olsen P, Mehlich-3 P, Bray-1 P, and FeO-P were soil specifi c (data not shown).
To ascertain the soil properties that impacted the relationship between runoff DRP 30 concentration and various STPs, we performed the multiple regression analyses of runoff DRP 30 concentrations against STP, soil pH, particle size distributions, and organic carbon content. As shown in Table 3 , soil particle size distribution signifi cantly contributed to the equations relating runoff DRP 30 concentrations to soil WEP, Olsen P, or FeO-P concentrations, while soil pH made signifi cant contributions to all the equations. In fact, inclusion of soil pH not only increased the accuracy of predicting runoff DRP loss using STP, but it has also been shown to improve the prediction of plant P uptake by various STP methods, as observed by Bates (1990) under Ontario soil conditions. A study conducted by Turner et al. (2004) also supported our results that runoff DRP concentration from high-pH soils was greater than expected, based on soil P levels alone.
Our results showed that coarse-textured soils tended to lose more DRP in surface runoff compared with fi ne-textured soils at a given level of soil WEP, Olsen P, and FeO-P. Other researchers have obtained the similar observations. Penn et al. (2006) reported that the intercept of the regression equations of runoff DRP concentrations vs. soil WEP was negatively related to soil clay content by assuming that the slopes of runoff DRP concentration vs. soil WEP were similar across the selected soil series. Cox and Hendricks (2000) reported that the slope of dissolved P vs. Mehlich-3 P was steeper for the 5% clay soil than that for the 32% clay soil. Our study indicates, based on soil pH and texture, that a soil P test technique can be ), including soil water-extractable P (WEP), Mehlich-3 P, Olsen P, iron-oxide-coated fi lter paper strip-extractable P (FeO-P), and Bray-1 P, soil particle size distributions (g kg developed to assess the risk of soil P loss in surface runoff across a range of soil series.
Surface Runoff DRP 30 and Degree of Soil Phosphorus Saturation
Degree of Soil Phosphorus Saturation Calculated from Soil Mehlich-3 Extractable Phosphorus, Aluminum, Iron, and Calcium
As indicated in Fig. 3 , the DPS M3 -2 calculated using Eq.
[4] and DPS M3 -3 calculated using Eq.
[5] each explained 90% variation of runoff DRP 30 using linear regressions. Th is is consistent with Sims et al. (2002) , who found that DPS M3 -2 was more accurate than Mehlich-3 P alone in identifying the soils that were at high risk of P loss in runoff . Currently, DPS M3 -2 and DPS M3 -3 have been recommended as agro-environmental soil P testing approaches in Delaware, USA, and Quebec, Canada, respectively Khiari et al., 2000) . Similar to the fi ndings reported by Sims et al. (2002) and Khiari et al. (2000) , we observed a signifi cant linear relationship between DPS M3 -2 and DPS M3 -3 with a slope value of 1.20 for the linear equation relating DPS M3 -2 to DPS M3 -3, which is very similar to those from the two published studies (i.e., slope values of 1.13 and 1.17, respectively). In all of these studies, Mehlich-3 Fe accounted for about 20% or less of the sum of Mehlich-3 Al and Fe on a molar basis and had little impact on the relationships of DPS M3 -2 or DPS M3 -3 with runoff DRP. Hence, DPS M3 -3 and DPS M3 -2 had similar predictions of runoff DRP concentrations.
It has been widely documented that a decrease in soil pH often results in an increase in the amounts of Al and Fe present in soils. Mallarino (1997) and Penn et al. (2006) suggested that amounts of P extracted by Mehlich-3 extractant are not aff ected by high soil pH. Th erefore, it is reasonable to conclude that soil pH may impact the relationships between DRP 30 concentrations in surface runoff water and DPS M3 -2 or DPS M3 -3. To have a better understanding of the eff ect of soil pH on these relationships, regressions between runoff DRP 30 concentrations and both DPS M3 -2 and DPS M3 -3 were conducted separately for the soils with pH ≤7 and pH >7 (Fig. 3) . Th e slope of runoff DRP 30 vs. DPS M3 -2 for soils with pH ≤7 were signifi cantly greater than that for soils with pH >7, while the slope of runoff DRP 30 concentrations vs. DPS M3 -3 for soils with pH ≤7 was not diff erent from that for soils with pH >7. Th is result is understandable, considering that the variations in amounts of both Al and Fe collectively contributed to the variations of the relationships between DRP 30 and DPS M3 -2, while the variations of Fe in soils were excluded from the relationships between DRP 30 and DPS M3 -3. Allen et al. (2006) found a smaller slope in the relationship between runoff DRP concentration and DPS M3 -2 for the Harps soils (pH = 8.0) than for other soils (pH = 6.0-7.1). As a result, we conclude that DPS M3 -2 would overestimate DRP losses in surface runoff from alkaline soils compared with acidic soils. Soil DPS M3 -3 may be preferred to DPS M3 -2 as an indicator of runoff DRP 30 loss in surface runoff to minimize the pH eff ect on estimations of soil P loss. In addition, DPS M3 -3 is analytically simpler than DPS M3 -2, as only Al needs to be determined, in addition to P, in the Mehlich-3 extractant. Sims et al. (2002) observed a change point of DPS M3 -2, above which runoff DRP concentrations increased very quickly with increased DPS M3 -2. However, in our study we did not observe a good fi t for the split-line model. Allen et al. (2006) and Penn et al. (2006) also observed the linear relationships between runoff DRP concentration and DPS M3 -2 or DPS M3 -3, instead of the split-line fi ts. Th e reasons for this discrepancy are not clear. However, it should be noted that whether or not a change point exists between soil P loss and soil P status depends on many factors beyond STP or DPS (such as adsorption capacity and P sorption strength, etc.), the ratio of soil to solution during P extraction, climate, as well as the uncertainties involved in linking STP or DPS to P losses (Maguire et al., 2005) .
Soil DPS M3 -4 has been regarded as a better predictor of soil DPS than DPS M3 -2 and DPS M3 -3 in calcareous soils (Ige et al., 2005; Kleinman and Sharpley, 2002) . However, in our study the relationships between runoff DRP 30 and DPS M3 -4 followed a logarithmic function, with r 2 value of 0.59 (Fig.  4) , and was less accurate as an indicator of runoff DRP 30 loss than either DPS M3 -2 or DPS M3 -3. If only soils with pH >7 were used, a linear relationship (r 2 = 0.61) described the change of DRP 30 concentration with changing DPS M3 -4, suggesting that the diff erences in pH may explain the diff erences in the responses of runoff DRP 30 concentrations to the changes of DPS M3 -4. In our study, soil pH ranged between 4.2 and 7.6 with an average of 6.8. In comparison, soil pH was in the range of 7.3 to 8.4 in the Kleinman and Sharpley (2002) study and in the range of 5.3 to 8.1 (average of 7.2) in the Ige et al. (2005) study.
Degree of Soil Phosphorus Saturation Integrating Soil Test Phosphorus with Phosphorus Sorption Index
We calculated soil DPS values as ratios of STP/PSI (including DPS M3 -1a, DPS Ol -a, DPS Bray -a, and DPS FeO -a) Th e theoretical foundation of using a ratio of a STP to PSI for estimating DPS is that PSI is closely related to P adsorption maxima, and is normally used as a simple estimation of P sorption capacity (Bache and Williams, 1971; Mozaff ari and Sims, 1994) . However, total soil P sorption capacity includes the sum of P sorption measured during the laboratory procedure, as well as the preexisting P that was already sorbed to the soil before analysis (Börling et al., 2001) . Westermann et al. (2001) observed that as STP increases, the PSI decreases for a given soil. Th erefore, when DPS is calculated as the ratio of an STP to soil PSI, PSI tends to give a decreasing denominator with increasing soil P values, which would overestimate DPS and result in a linear relationship, with no obvious change point detected (Börling et al., 2001 (Börling et al., , 2004 . When STP concentration is too high and the resulting soil PSI value is too low, the relationship between runoff DRP concentration and soil DPS estimated as a ratio of STP to soil PSI could yield a negative quadratic coeffi cient, as observed in our study. Th is conclusion would contradict with the common concept that the rate of increase in DRP concentration in surface runoff per unit increase of DPS is greater when soil DRP is above the change point than below this point (Holford et al., 1974 (Holford et al., , 1997 . Additionally, it should be pointed out that large amounts of P present in soils may result in precipitation reactions of P with Al, Fe, and Ca, and consequently reduce solubility of soil P minerals, yielding negative quadratic coeffi cients of runoff DRP concentrations vs. STP or DPS. Bache and Williams (1971) suggested that the sum of PSI and STP can be used to estimate total P sorption capacity from P sorption isotherm, when initial P sorbed to soils impacts sorption isotherms. Consequently, some researchers have estimated DPS by determining a ratio of an STP to the sum of an STP and soil PSI for identifying the potential of soil P losses (Pautler and Sims, 2000; Allen et al., 2006; Casson et al., 2006) , which avoids overestimating soil DPS.
For acidic soils, P sorption is primarily controlled by soil Fe and Al (Lindsay, 1979) , measures of which have been successfully used to predict P sorption capacity (Breeuwsma and Silva, 1992; Börling et al., 2001 ). However, P sorption in calcareous soils may be regulated by many mechanisms, including soil contents of CaCO 3 , Fe and Al oxides, clay, and organically complexed metals (Leytem and Westermann, 2003) . Consequently, it is diffi cult to determine soil P sorption capacity by measuring one or two soil properties for estimating soil DPS in calcareous soils. Soil PSI is closely related to soil P sorption maximum as determined using the Langmuir equation; however, this relationship does not distinguish between soil P sorption mechanisms. Olsen P usually is recommended as the most appropriate routine P test for calcareous soils. Hence, the DPS calculated by integrating Olsen P with soil PSI would be desired in calcareous soils (Allen et al., 2006; Zhou and Li, 2001) . A good linear relationship was found between soil DPS Ol -a and runoff DRP concentrations for calcareous soils Westermann et al., 2001) . Th e soil DPS Ol -b was also found to be closely related to runoff DRP concentration in a quadratic manner for fi ve typical U.S. Midwest soils with pH ranging from 6.0 to 8.0 (Allen et al., 2006) . Meanwhile, Hughes et al. (2000) regarded DPS Ol -a as a good predictor of the potential for a given soil to release P to water in arable soil with pH ranging from 6.24 to 7.53. As previously discussed, although we found a signifi cant relationship between runoff DRP 30 concentrations and DPS Ol -b, its accuracy expressed as r 2 value (0.79) of the relationship for prediction of DRP 30 concentration in surface runoff was less than that of DPS M3 -2 (r 2 = 0.90), DPS M3 -3 (r 2 = 0.89), WEP (r 2 = 0.89), FeO-P (r 2 = 0.85), Mehlich-3 P (r 2 = 0.84), DPS M3 -1b (r 2 = 0.82), DPS Bray -b (r 2 = 0.82), DPS FeO -b (r 2 = 0.81), and Bray-1 P (r 2 = 0.80). However, if only soils with pH >7 were used, the results of regression analyses were diff erent. As indicated in Table 4 , the r 2 value (0.70) of soil DPS Ol -b relating to runoff DRP 30 concentrations was the second greatest value, only slightly lower than that (r 2 = 0.74) of DPS FeO -b. Th is result supports that soil DPS estimated from Olsen P and PSI is promising for predicting DRP loss in surface runoff from calcareous soils.
Conclusions
Concentrations of runoff DRP increased with increases in levels of STP and various DPS estimations in linear or curvilinear manner across six soil series. Olsen P, a common soil P test for agronomic calibrations in Ontario, was signifi cantly associated with runoff DRP concentrations. However, the accuracy of Olsen P for prediction of DRP in surface runoff water was less than that for FeO-P, WEP, Mehlich-3 P, Bray-1 P, DPS M3 -2, DPS M3 -3, and other DPS estimations calculated by integrating STP with soil PSI. Assuming that r 2 values of a best-fi tted model is an important factor measuring the eff ectiveness of soil P tests as indicators of runoff DRP losses, soil WEP, DPS M3 -2, and DPS M3 -3 showed great promise for predicting runoff DRP loss with r 2 values of 0.89 or higher across six soil series. Among the three approaches, soil DPS M3 -3 can be recommended as an indicator of DRP concentration in surface runoff water, as it is soil pH insensitive and simpler in analytical procedure relative to DPS M3 -2, and it has potential for also being used for agronomic soil P calibration with the same measurement relative to WEP. Future research needs to explore the suitability of DPS M3 -3, either as it is or in Mehlich-3 P, for prediction of soil P availability to crops in Ontario. In addition, the DPS M3 -3 approach should also be investigated on the fi eld scale to integrate with the eff ects of soil hydrological properties, soil surface conditions, and the management practices (tillage, crop rotation, etc.), so that the relationships between DPS M3 -3 STP and soil attributes can be established. ) y = 0.002x + 0.0235 0.59*** *** Signifi cant at the p < 0.001 level. † PSI, phosphorus sorption index; M3-P, Mehlich-3 P; M3-Al, Mehlich-3 Al; M3-Fe, Mehlich-3 Fe; FeO-P, iron-oxide-coated fi lter paper strip-extractable P.
